We determined the accuracy and reproducibility of whole-community fatty acid methyl ester (FAME) analysis with two model bacterial communities differing in composition by using the Microbial ID, Inc. (MIDI), system. The biomass, taxonomic structure, and expected MIDI-FAME profiles under a variety of environmental conditions were known for these model communities a priori. Not all members of each community could be detected in the composite profile because of lack of fatty acid "signatures" in some isolates or because of variations (approximately fivefold) in fatty acid yield across taxa. MIDI-FAME profiles of replicate subsamples of a given community were similar in terms of fatty acid yield per unit of community dry weight and relative proportions of specific fatty acids. Principal-components analysis (PCA) of MIDI-FAME profiles resulted in a clear separation of the two different communities and a clustering of replicates of each community from two separate experiments on the first PCA axis. The first PCA axis accounted for 57.1% of the variance in the data and was correlated with fatty acids that varied significantly between communities and reflected the underlying community taxonomic structure. On the basis of our data, community fatty acid profiles can be used to assess the relative similarities and differences of microbial communities that differ in taxonomic composition. However, detailed interpretation of community fatty acid profiles in terms of biomass or community taxonomic composition must be viewed with caution until our knowledge of the quantitative and qualitative distribution of fatty acids over a wide variety of taxa and the effects of growth conditions on fatty acid profiles is more extensive.
Profiles of fatty acids derived from phospholipid components of the cellular membranes of microorganisms have been used to estimate microbial biomass and provide insight into the taxonomic and functional diversity and nutritional status of microorganisms associated with sediments (2, 4, 8, 11, 12, 19, 22, 24, 27) , subsurface environments (28) , soils (1, 35) , stream epilithic biofilms (14, 27) , bioreactors (20, 21) , and plant roots (31, 32) . In addition, fatty acid profiles have been used to distinguish between soil communities subjected to different agricultural practices (35) , to pollution (1), or to addition of compost media (32) , rhizosphere communities under different soil treatments (31, 32) , stream epilithon communities at different spatial locations along a stream gradient (14) or at different times of the year (27) , and sediment communities along a spatial gradient (11) .
Investigators have taken a variety of approaches to the interpretation of community fatty acid profiles. These have included tabulation of fatty acids known or presumed to be unique to a given taxonomic group or comparisons of profiles on the basis of within-profile ratios of groups of fatty acids (e.g., see references 9, 11, 19, 24, 27 , and 32) or use of multivariate statistics to discriminate between composite profiles (1, 8, 14, 24, 27, 28) . Regardless of the approach, interpretations of community level fatty acid profiles have been based on the assumptions that phospholipids make up a relatively constant proportion of the cell biomass and that fatty profiles by the same methods. Finally, having the advantage of knowing the underlying structure of the data and the ecological significance of profile variation, we evaluated how well and on what basis principal-components analysis (PCA) could differentiate the two communities.
MATERIALS AND METHODS Bacterial isolates. Ten bacterial cultures were selected arbitrarily from a larger stock of 100 originally isolated from agricultural research plots of the long-term ecological research site at the Kellogg Biological Station, Michigan State University, East Lansing. These isolates were presumed to be representative of natural soil bacteria. All cultures had been isolated on R2A agar (Difco, Detroit, Mich.) and maintained on R2A agar slants in a refrigerator with regular subculturing. For the experiments reported herein, these 10 isolates were routinely cultured at 28°C on R2A agar or in broth medium with the same chemical composition as R2A agar (designated R2A broth). Broth cultures were aerated by shaking. Standard curves correlating cell number (obtained by acridine orange direct counts) and biomass (micrograms of weight per milliliter) with optical density at 590 nm (OD590) were obtained for each isolate during growth in R2A broth at 28°C. These values were used for estimations of cell number or biomass in all experiments.
Fatty acid analysis. Total cellular fatty acids were analyzed by using the MIDI system in accordance with the protocols for cultures grown on solid medium and instrument specifications recommended by the manufacturer. Briefly, our procedures entailed (i) saponification of whole-cell preparations (cells from 20 to 40 ml of a broth culture) at 100°C with 1 ml of methanolic NaOH (15% [wt/vol] NaOH in 50% [vol/vol] methanol), (ii) esterification of the fatty acids at 80°C with 2 ml of 3.25 N HCl in 46% (vol/vol) methanol, (iii) extraction of the FAMEs into 1.25 ml of 1:1 (vol/vol) methyl-tert-butyl etherhexane, (iv) aqueous washing of the organic extract with 3 ml of 1.2% (wt/vol) NaOH, and (v) analysis of the washed extract by gas chromatography.
Reference MIDI-FAME profiles after growth on R2A agar at 28°C were obtained for each of the 10 isolates upon first culture. During the course of our experiments, at least six replicate profiles from growth on R2A agar at 28°C and eight replicate profiles from growth in R2A broth at 28°C were obtained for each isolate. In addition, three replicate profiles were obtained for each of the 10 isolates which grew under the following conditions: (i) on Nutrient agar (Sigma) or tryptic soy broth agar (TSBA; tryptic soy broth solidified with 3% [wt/vol] agar; Sigma) at 28°C and (ii) in R2A broth at 17 or 32°C. Finally, replicate MIDI-FAME profiles were obtained for each isolate in the early logarithmic (EL), mid-logarithmic (ML), early stationary (ES), and, for selected isolates, late stationary (LS; 24 h) stages of growth in R2A broth at 28°C. Culture growth from agar media was typically harvested after 24 to 48 h; the ML growth phase was typically reached by most broth cultures after 12 to 16 h at 28°C.
A comparison of MIDI-FAME whole-cell extract profiles with phospholipid fatty acid (PLFA) profiles and a comparison between MIDI-FAME and PLFA yield on a unit of dry weight basis was made for two selected isolates (Bacillus sp. strain 94 and Cytophaga sp. strain 72; strain numbers refer to sequence within the original 100 isolates noted above). Cultures grown in R2A broth at 28°C were subsampled at the EL, ML, and ES growth stages, as estimated by OD599, and replicate cell pellets obtained by centrifugation (10,000 x g, 20 min) were analyzed by the MIDI-FAME protocol modified to give quantitative recovery of FAME. This modification included two additional extractions with methyl-tert-butyl ether-hexane, drying of the combined extracts under N2, and resuspension of the dried extracts in 500 [ul of methyl-tert-butyl ether-hexane. Subsamples of these same cultures were kindly analyzed at the Kellogg Biological Station by S0ren 0. Petersen (University of Aalborg, Aalborg, Denmark) for PLFA by (i) extraction of lipids from culture pellets by a modified Bligh-Dyer (3) procedure (23) utilizing dichloromethane in place of chloroform, (ii) separation of phospholipids by preparative solidphase extraction (16) , and (iii) preparation of phospholipid FAMEs by basic transmethylation (7) . FAME extracts obtained by both the MIDI-FAME and PLFA methods were analyzed with the MIDI system. FAME yield was quantified by S0ren 0. Petersen through calibration of the MIDI gas chromatography response in area units with respect to known amounts of a 19:0 FAME standard (Sigma). Finally, replicate biomass (micrograms of dry weight per milliliter of culture) estimates were obtained for subsamples of the same cultures taken at the same time as the samples used for MIDI-FAME and PLFA analyses.
Fatty acids were designated in the form X:Y, where X is the total number of carbon atoms and Y is the number of double bonds present. If double bonds are present, the location is designated wZc or t, where Z indicates the number of carbon atoms from the aliphatic (w) end of the molecule and c or t represent cis or trans geometry, respectively. In addition, i (iso branching), a (anteiso branching), and the location of hydroxy (OH), cyclopropane (cyc or cyclo), or methyl (Me) groups may also be noted. MIDI gas chromatography runs were calibrated against a standard mixture of known fatty acids provided by MIDI. Detected sample peaks were named by interpolation of retention time using the equivalent chain length method. Peaks that did not display equivalent chain length values of known fatty acids were left unnamed.
Model communities. Model bacterial communities were constructed by combining known proportions of cells from 6 of the 10 soil bacterial isolates (community I-A [CI-A] and CI-B) or 4 of the 10 isolates (CII-A and CII-B). A and B designate replicate experiments conducted in November 1992 (A) and April 1993 (B). On both occasions, cultures of the individual isolates were grown to the ML-ES phase in R2A broth at 28°C, as estimated by OD590 The OD5991 was correlated with the cell count (cells per milliliter) or biomass (micrograms [dry weight] per milliliter) from standard curves previously established for each isolate. Culture volumes required to achieve the desired proportions of isolates (see below) were combined immediately before analysis and centrifuged to obtain the community cell pellet, which was resuspended in phosphate buffer (50 mM, pH 7.0). For both experiments A and B, three replicate subsamples of each community were removed from this final resuspension and independently analyzed by the MIDI-FAME protocol described above. CI consisted of equal proportions of the following six soil bacteria: Corynebacterium sp. strain 5, Pseudomonas sp. strain 14, Cytophaga sp. strains 19 and 72, Arthrobacter sp. strain 42, and Bacillus sp. strain 81. CII consisted of Bacillus sp. strain 94 (which made up one-half of the community on a cell number or biomass basis) and Corynebacterium sp. strain 5, Pseudomonas sp. strain 31, and Cytophaga sp. strain 47 (which each made up one-sixth of the community).
Statistical analysis. Means and standard deviations for individual fatty acids in replicate subsample FAME profiles were determined by using SigmaStat (Jandel Scientific, San Rafael, Calif.). PCA was performed by using SAS/STAT, RESULTS Isolate fatty acid profiles. The 10 bacterial isolates were assigned to five bacterial genera on the basis of the characteristics listed in Table 1 plus characteristics of MIDI-FAME profiles of cultures grown to the ML-ES phase in R2A broth at 28°C (the standard growth conditions for our community experiments). (Table 1) . MIDI specifies similarity indices of >0.5 as having a high probability of being correct and those between 0.6 and 1.0 as being excellent matches.
The 10 isolates used for these studies were a subset of a larger group of 100 soil bacteria that had been selected as representative of the soil community. Of these original 100, 11 "Fatty acid profiles were determined by MIDI-FAME analysis. Cultures grown to the ML phase at 28°C in R2A broth. "The fatty acids listed are those typically found in one or more isolates at >0.5% of the total. This is a group that cannot be reliably separated by MIDI.
dium, and growth phase on the fatty acid profiles of five isolates representative of the five genera to which our isolates were assigned (Tables 3 to 5 (Table 5) . We did not observe unique effects of different growth media on isolate fatty acid profiles. Instead, for all of our isolates, MIDI-FAME profiles after 24 to 48 h of growth on solid medium were often similar to profiles of LS phase (24 h) broth cultures (Tables 3 to 5) .
Quantitative estimates of FAME yield. To quantify biomass, and especially to determine the abundance of any given organism in a community level FAME profile, the FAME yield must be reproducible and relatively constant over a wide variety of taxa. We estimated MIDI-FAME yield from the relationship between MIDI-FAME area units and culture volumes for broth cultures with known OD59Os. One MIDI-FAME area unit was determined to represent 0.73 ng of a 19:0 (Table 6) but not in CII-B because of the presence of contaminating peaks at similar retention times. MIDI-FAME profiles for CII were not as reproducible in terms of fatty acid yield as were the profiles of CI; however, the relative abundances of specific fatty acids were similar in the two CII profiles, and each member of the community could be detccted.
PCA. In addition to determining how well each community level MIDI-FAME profile represented the community's biomass and taxonomic structure, we also wished to know if the two community level profiles could be distinguished from each other by using multivariate statistics. We chose to use PCA, which has been recently used in analyses of community level fatty acid profiles of environmental samples (1, 14, 27 There has been much emphasis on the necessity of confirming fatty acid peak identification obtained by gas chromatography (as in the MIDI system) with alternative approaches, such as mass spectrometry (13, 34) . This has undoubtedly led to the concern that fatty acid profile analysis is a labor-and cost-intensive approach best left to specialists. Although confirmation is certainly required in those cases in which unique fatty acids and new molecular structures must be analyzed for taxonomic purposes, our results suggest that fatty acid profiles obtained with the commercially available MIDI-FAME system provide information equivalent to that obtained by more traditional, and lengthier, approaches to PLFA analyses. We found the MIDI-FAME whole-cell fatty acid profiles of our isolates to be highly reproducible under specified growth conditions and similar to PLFA profiles reported in the literature for each of the five genera represented by our isolates. Furthermore, analysis of MIDI-FAME profiles of combinations of our isolates resulted in no spurious or questionable peaks; each fatty acid named was associated with one or more of the isolates in the combination. The MIDI-FAME extraction protocol is different from that typically employed in PLFA analyses, particularly in that it employs a highly alkaline step. The appropriateness of the extraction procedure should be evaluated for any proposed application.
Taxonomic information from fatty acid profiles. (25) , some sulfate-reducing bacteria (6, 29) , Vibrio cholerae (13) , and some members of the family Enterobacteriaceae under some physiological conditions (11) . However, these fatty acids are not exclusive to these groups and occur quite widely in many bacterial genera (25) , including the Pseudomonas species in our model communities, and were noted in the community level fatty acid profiles of rhizosphere bacterial communities (31, 32) . Nevertheless, Scholz and Boon (27) (15, 25) and have been used to draw conclusions about prokaryotic abundance and metabolic status in several environments (1, 8, 14, 19, 24, 27, 29) . However, three of the isolates we studied did not contain either isomer of this fatty acid and one exhibited only low levels of 16:1 w7c (Tables 2 to 5 ). In our two model communities, 16:1 w7c (and possibly also 16:1 w7t, which cannot be distinguished from 15:Oi 2-OH by MIDI-FAME) occurred in significantly different proportions and contributed to separation of the communities by PCA (see below). This difference is due primarily to their different taxonomic compositions and not to a difference in prokaryotic abundance or metabolic status. In another example, in CI-A, the presence of Bacillus sp. strain 81 is indicated by the 16:1 w7c alcohol, which was typically found in its fatty acid profile at relatively high abundance (Table 2) . However, in CI-A, 16:1 w7c alcohol was just barely detected (Table 6 ), in part because of the relatively low yield of fatty acid from this microorganism. We might conclude that Bacillus sp. strain 81 was an insignificant component of CI-A, when indeed it was present at a level equal to that of any other member. More dramatically, 16:1 w7c alcohol was not detected at all in CII-A (Table 6 ), even though Bacillus sp. strain 94, which also exhibits this signature fatty acid (Table 2) , made up fully one-half of this community.
Some recent studies have simply recorded the amount of lipid determined and correlated this value with other measurements of microbial biomass (14, 35) . Community PLFA yield has been shown to correlate reasonably well with other estimates of microbial biomass in a variety of environments (2, 33, 35) . In our experiments, CII-A comprised only one-half of the number of organisms and one-half of the biomass of model Cl-A and had a different taxonomic organization; however, while less fatty acid was extracted from CII-A than from CT-A on a per-milliliter basis, the MIDI-FAME yields from both communities were equivalent when converted to a dry-weight basis (CI-A; 0.026 + 0.008; CII-A, 0.023 + 0.002 pLg of FAME per ig of dry weight). Since MIDI-FAME fatty acids may not be derived solely from phospholipids and since we studied only laboratory cultures, our results do not address whether MIDI-FAME yields would similarly represent biomass in real environments, where starved cells might contain different quanti-ties of storage lipids or exhibit other physiological adaptations affecting whole-cell fatty acid profiles.
Environmental effects on fatty acid profiles. Our findings on the effects of temperature and growth medium on the fatty acid profiles of specific taxa concur with those reported in the literature (15, 25) in that, within the typical range of conditions over which many bacterial genera grow, there may be significant quantitative changes in the proportions of certain fatty acids (Tables 3 to 5 (25) , rather than specific effects of culture medium or age. Significantly, profiles remained characteristic of each genus, regardless of growth condition, since for all isolates, changes occurred in the proportion of only certain fatty acids, while others, often unique to the genus, remained at relatively constant levels. Changes in fatty acid profiles and lipid abundance with changes in the environment have been used to interpret the metabolic status of the community (14, 34) . As more is learned about microbial fatty acids, variation with environmental conditions may be used to advantage in ecological interpretations of whole-community fatty acid profiles.
Quantitative changes will affect our ability to interpret more complex fatty acid profiles form whole communities, but it remains to be tested whether such changes would be sufficient to alter a community profile so completely that one might conclude that the community structure had changed. If we constructed CT after growing isolates on agar media, we would expect the CI profile to be different from that shown in Table   6 (9) and stream biofilms (27) .
PCA. Our results suggest that MIDI-FAME whole-community profiles may be especially valuable as indicators of the degree to which communities are similar or different. Regardless of difficulties associated with determinations of biomass or taxonomic composition, PCA of MIDI-FAME profiles resulted in clear and reproducible separation of the two different model communities and clustering of replicates of each community from both experiments on the first PC axis (Fig. 1) . This axis accounted for a significant proportion (57.1%) of the variation in the data, and the first three PCs accounted for virtually all of the variation (96.6%). The first PC had high loadings on 15:Oi (0.791), 16:1 w7c (0.364), and 15:Oa (-0.273). These results are obvious after examination of 
